Low concentrations of salicylhydroxamic acid (<5 millimolar) stimulate 02 uptake in intact roots of Pisum sativum. We demonstrate that the hydroxamate-stimulated 02 uptake does not reside in the mitochondria. We also show that the hydroxamate-stimulated 02 uptake is due to the activation of a peroxidase catalyzing reduction of 02. This peroxidase, which can use both NADH and NADPH as a substrate, is stimulated by low concentrations of monophenols, e.g. salicylhydroxamic acid and 2-methoxyphenol. It is inhibited by high (20 millimolar) concentrations of salicylhydroxamic acid, cyanide, and scavengers of the superoxide free radical ion, e.g. ascorbate, gentisic acid, and catechol. In the presence of gentisic acid, 02 uptake by intact pea roots was no longer stimulated by low concentrations of salicylhydroxamic acid. The consequence of the present finding for in vivo respiration measurements is that the use of low concentrations of salicylhydroxamic acid and uncoupler is reliable only in the presence of a suitable superoxide free radical scavenger which prevents activation of the peroxidase. It also confirms that high concentrations of salicylhydroxamic acid (20-25 millimolar) can be safely used in short-term experiments to assess the activity of the alternative path in intact roots.
To study if SHAM can safely be used to estimate the activity of the alternative path in vivo we have undertaken an investigation into the nature of the SHAM-stimulated 02 uptake. We have tested the two hypotheses formulated by De Visser and Blacquiere (8) to explain the phenomenon of the SHAM-stimulated 02 uptake. Hypothesis 1. The SHAM-stimulated 02 uptake might be of mitochondrial nature. Theologis and Laties (20) proposed a bypass of the b-region of the Cyt path. This bypass is insensitive to low, but sensitive to high, concentrations of antimycin. Although Theologis and Laties (20) found no stimulation by mchlorobenzhydroxamic acid, their results do not exclude the possibility that their bypass can be stimulated by SHAM. It is possible that the potato slices, used for the m-chlorobenzhydroxamic acid titration curve, were substrate-limited, so m-chlorobenzhydroxamic acid could not stimulate 02 uptake. Therefore, we tested if the hydroxamate-stimulated 02 uptake was due to the stimulation of the bypass proposed by Theologis and Laties. Assuming that this bypass is stimulated by low concentrations of SHAM, it could explain the further characteristics of the SHAM-stimulated 02 uptake: its KCN sensitivity is explained by Cyt oxidase to which the bypass ultimately donates its electrons. The CCCP-stimulation is explained by the fact that the bypass is part of an electron transport path involved in proton translocation, whereas the SHAM sensitivity at high concentrations is explained by the fact that the bypass is postulated to accept electrons from ubiquinone. Therefore, ifthe bypass, which is insensitive to low concentrations ofantimycin were responsible for the SHAM-stimulated 02 uptake, differences are expected between antimycin-and KCN-inhibition of 02 uptake in mitochondria isolated from roots which show the SHAM-stimulation.
Next to this hypothesis we have investigated an alternative one.
Alternatively, the observed SHAM-induced 02 uptake might be nonmitochondrial. Peroxidases, though generally using H202, are also known to use 02 as an electron acceptor (1, 5, 21) . Elstner and Heupel (10) found that horseradish peroxidase can form H202 when NAD(P)H is used as the electron donor. This reaction is stimulated by some monophenols and inhibited by KCN. Since SHAM is a monophenol and is therefore likely to stimulate a peroxidase such as described by Elstner and Heupel (10), we also undertook to test an alternative hypothesis explaining SHAM-stimulated 02 uptake.
Hypothesis 2. The SHAM-stimulated 02 uptake is due to the increased activity of a peroxidase using NAD(P)H as a substrate. Inhibition ofthe system as described by De Visser and Blacquiere by KCN and high concentrations of SHAM (8) could then be explained, since this peroxidase is known to be inhibited by KCN (10) and also by substituted hydroxamic acids (2) . CCCP-stimulation could be explained by a stimulation of glycolysis by uncoupler, due to a decreased cytosolic ATP concentration, causing increased levels of NADH, the substrate ofthe postulated peroxidase.
In this study we have tested the two hypotheses formulated above. We show that the SHAM-induced 02 uptake is also present in corn roots. Evidence is presented that the SHAMstimulated 02 uptake as found in intact roots of pea and corn is nonmitochondrial and due to the activity of a peroxidase. Mitochondrial integrity was estimated using Cyt c-dependent 02 uptake as described by Neuburger et al. (15) simultaneously stimulates a KCN-sensitive 02 uptake and inhibits the KCN-insensitive (alternative) path. At higher concentrations (25 mM) SHAM inhibits the stimulated KCN-sensitive system and the alternative path, and under these conditions 02 uptake presumably reflects only the activity of the Cyt path (6, 13) . Uncoupler (CCCP) did not affect 02 uptake in the presence of 25 mM SHAM (Table I) suggesting that the Cyt path was not restricted, in these roots, by availability of ADP or the ATP/ ADP ratio (cf. Ref. 6) . However, in the presence of 5 mM SHAM, CCCP stimulated 02 uptake substantially (Table I ). Since this low SHAM concentration inhibits the alternative path completely (see above), CCCP must have its effect on the SHAMstimulated oxidase. That is, the results in Table I point to the presence of a hydroxamate-stimulated, uncoupler-activated 02 consuming pathway in P. sativum, distinct from the Cyt and alternative pathways. These results are in accord with those in (8) .
MATERIALS AND METHODS
This third 02 consuming pathway also appears to operate in corn roots. Root respiration of Z. mays was titrated with SHAM in the presence and absence of 0.4 mM KCN (Fig. IA) . The Pait, plot from this titration was not linear (Fig. 1B) . In the absence of KCN low concentrations of SHAM (1-5 mM) inhibited less than was expected, if only the alternative path were affected. Similar results have been obtained with roots of two plantain species (8) . The nonlinear pa.t-plots of plantain were explained by a hydroxamate-stimulated, cyanide-sensitive 02 uptake. This may also apply to corn (Fig. 1 B) . Although 5 mm SHAM inhibited the alternative path almost completely (shown by its inhibition in the presence of KCN), 02 uptake was further decreased by higher concentrations of 5 to 25 mM SHAM (Fig. IA) .
Therefore, the hydroxamate-stimulated, cyanide-sensitive 02 uptake in corn roots is inhibited by high concentrations of SHAM, as was also found in pea roots (8) (this report).
Mitochondrial Respiration. We investigated whether the hydroxamate-stimulated O2 uptake was a bypass of the b-region of the Cyt pathway. Such a bypass, as proposed by Theologis and Laties (20) , is insensitive to low concentrations of antimycin. High concentrations of antimycin inhibited electron flow via this bypass as well as through the Cyt path and thus inhibit respiration to the same extent as KCN. Therefore, if the bypass which is insensitive to low concentrations of antimycin were responsible for the hydroxamate-stimulated O2 uptake, low concentrations of antimycin should give less inhibition than KCN in isolated mitochondria. We concluded from experiments with isolated mitochondria (data not shown) in which the inhibition by low concentration of 10 nm antimycin was the same as that by KCN, that the hydroxamate-stimulated O2 uptake is not due to the presence of a bypass in the mitochondria.
Peroxidase Activity in Vitro. The hypothesis was tested that the hydroxamate-stimulated O2 uptake was due to the presence of a peroxidase such as described by Elstner and Heupel (10). NAD(P)H or SHAM alone stimulated O2 uptake by root segments of pea and corn by 20 to 30% (Table II) . In the presence of NAD(P)H, SHAM increased O2 uptake more than fivefold. Since there was no O2 uptake in the absence of root segments, this enormous O2 uptake was not simply due to a nonenzymic chemical reaction between NAD(P)H and SHAM. High concentrations of 20 mm SHAM and 0.4 mM KCN blocked the stimulation by NAD(P)H + SHAM.
The O2 consuming system in root segments could be eluted by incubation of the root segments for 15 min in 2 mm CaSO4. After filtration the eluent had similar properties to the root segments. This was true for both pea (Table III) and corn (data not shown). When intact roots, rather than root segments, were incubated the eluent gave the same results, except that the O2 uptake in the eluent from intact roots was 80% lower than in the eluent from root segments (data not shown). Boiling, or filtration of the eluent through millipore (0.22 ,gM, to eliminate cell debris and microorganisms) lowered the O2 uptake in the presence of SHAM and NAD(P)H by 95% and 50%, respectively (Table III) . These data suggest that the NAD(P)H + SHAM stimulated O2 consuming system in root segments is due to a protein which is loosely bound to cells and exclude the possibility that the O2 uptake is largely due to contaminating bacteria.
The O2 uptake caused by the oxidase in the eluent was inhibited by scavengers of superoxide free radical ions such as superoxide dismutase, ascorbate, catechol, and gentisic acid (Table  III) .
In the above system SHAM could be replaced by other monophenols, e.g. 2-methoxyphenol although the latter was much less effective (Table III) . Table III (Table IV) . Although catechol is also an inhibitor of peroxidase activity in vitro (Fig. 2) (1 Until now, the nature and the location of the hydroxamatestimulated system remained obscure. We have tested two hypotheses put forward to explain the phenomenon of the hydroxamate-stimulated 02 uptake. Hypothesis 1. The SHAM-stimulation might be of a mitochondrial nature. Theologis and Laties (20) proposed a respiration model which involves parallel pathways in the b-region of the Cyt chain. One path has a site with a high affinity, the other path a site with a low affinity for antimycin. Consequently, there is a difference between inhibition of 02 uptake by KCN and that by low concentrations of antimycin, which only blocks the high affinity site. Our first hypothesis states that the hydroxamatestimulated 02 uptake is due to the low affinity (antimycin resistant) site. However inhibition by KCN and antimycin was the same, so we conclude that the hydroxamate-stimulated 02 uptake is not associated with the mentioned bypass of the bregion of the mitochondria.
Hypothesis 2. The hydroxamate-stimulation might be due to a peroxidase such as that described by Elstner and Heupel (10) . The results presented in this report provide evidence for the existence of a peroxidase in roots of both pea and corn. Peroxidase activity in pea roots has been reported before (16) . The peroxidase described in this report can use NAD(P)H as an electron donor (Tables II and III) . This may explain part of the CCCP stimulated 02 uptake in vivo, as CCCP can stimulate glycolysis, thus enhancing the supply of reducing equivalents. The peroxidase reaction is stimulated by low, and inhibited by high concentrations of SHAM. SHAM can be replaced, although less effectively, by other monophenols, e.g., 2-methoxyphenol (Table III) . Therefore, it is likely that the stimulation of 02 uptake by SHAM is due to its nature of a monophenol. The phenolic hydroxyl, rather than the hydroxamate hydroxyl, is the important -OH. Some monophenols are known to stimulate peroxidase activity (1, 10) .
The formation of H202 by peroxidase involves the superoxide free radical ion and therefore this reaction can be inhibited by scavengers of the free radical ion, such as some dihydroxyphenols (10) . With the use of such a scavenger, gentisic acid, it was possible to block the SHAM-stimulation in the intact root (Table  IV) . Therefore, we conclude that the SHAM-stimulated 02 UPtake by intact roots, previously described by De Visser and Blacquiere (8) (Table III) . To explain this difference a scheme is proposed in Figure 2 . It assumes the existence of two peroxidases, one located in the cell wall and the other inside the cell. Both are able to catalyze the aerobic oxidation of NAD(P)H. The peroxidase in the cell wall accounts for the fact that it can easily be eluted from intact roots and root segments. Such a peroxidase may play a role in lignin synthesis, supplying H202 for lignification (10, 11, 19) . It is not known how such a peroxidase receives reducing equivalents (transport of NAD(P)H over the plasmalemma?).
A cell wall bound peroxidase cannot readily explain that catechol though inhibiting the peroxidase reaction in vitro (Table  III) , did not prevent the SHAM-stimulation in vivo (Table IV) . This is at variance with the effect of gentisic acid. The difference between catechol and gentisic acid might be explained by a difference in the ability to penetrate into the cell walls or inside the cells of the roots. We assume that the SHAM-stimulated 02 uptake in vivo is due to the activation of a peroxidase located inside the cell (Fig. 2) . However it cannot be fully excluded that it is located in the cell wall.
The results presented by De Visser and Blacquiere (8) (Table V) . Thus, it seems to be a widespread, although not a universal, phenomenon.
